Abstract. The aim of the present study was to assess the expression of epithelial-mesenchymal transition biomarkers (E-cadherin and vimentin) and their potential significance as prognostic markers in patients with stage IIIB/IV non-squamous non-small cell lung cancer (NSCLC) enrolled in the INNOVATIONS trial, receiving treatment with either erlotinib/bevacizumab (EB) or cisplatin/gemcitabine/bevacizumab (PGB). The tumor tissues of 104 patients were retrospectively analyzed using immunohistochemistry to assess the expression of E-cadherin and vimentin. The distribution between the treatment arms was 46 patients in the EB-arm and 58 in the PGB-arm. Comparing the treatment arms according to E-cadherin and vimentin expression, the analysis revealed that progression-free survival (PFS) was increased in the PGB treatment group when compared with EB treatment in patients with low expression of E-cadherin [hazard ratio (HR)=0.353; 95% confidence interval (CI) 0.189-0.658; log-rank P=0.0007] and in those with high expression of vimentin [HR=0.276 (95% CI, 0.115-0.659), log-rank P=0.0021]. In patients that exhibited high E-cadherin and were negative for vimentin, there was no difference in the PFS between the PGB and EB treatment groups. In conclusion, in non-squamous NSCLC with downregulated E-cadherin and upregulated vimentin, the efficacy of chemotherapy with PGB was superior compared with EB; but the same effect was not observed in patients with high E-cadherin and low vimentin. Although increased PFS was observed in patients with PGB treatment compared with EB treatment in the whole analysis populations, in the subgroup of patients with the mesenchymal phenotype, no prognostic or predictive value of either biomarker could be identified. The potential role of bevacizumab in overcoming chemotherapy resistance in the population with the mesenchymal phenotype has to be further explored.
Introduction
Metastatic non-small cell lung cancer (NSCLC) is still characterized by poor prognosis in the majority of patients. In recent years, development in molecular subtyping and discovery of predictive biomarkers has led to novel strategies using targeted therapies that have markedly improved survival rates (1) (2) (3) (4) (5) . Additionally, checkpoint inhibition based on programmed death-ligand 1 expression as a predictive biomarker has been introduced (6) . However, for adjuvant and palliative treatment, platinum-doublet chemotherapy remains an important Impact of EMT in stage IIIB/IV NSCLC treated with erlotinib and bevacizumab when compared with cisplatin, gemcitabine and bevacizumab treatment method. The lack of biomarkers that can predict a favorable response to platinum-doublet chemotherapy results in exposure to severe toxicity in many patients without measurable benefit. Research in recent years increasingly supports the importance of epithelial-to-mesenchymal transition (EMT) in cancer. This process was first described in embryonic development and is characterized by various cellular changes, including the loss of adhesion properties and the development of a mesenchymal phenotype, which promote invasion and metastasis of tumor cells (7, 8) . Analysis has revealed that EMT markers are associated with survival in patients with NSCLC (9) (10) (11) (12) (13) (14) . Various agents that inhibit EMT pathways are currently being developed, including inhibitors of transforming growth factor-β, histone deacetylase, focal adhesion kinase and others (15) . Recent research has outlined the role of EMT in antitumor immunity, proposing mechanisms of how cancer cells undergoing EMT may contribute to immune escape, resulting in resistance to immunotherapy (16) . Additionally, it has been reported that specific anti-cancer therapeutics are able to increase the immunogenicity of dying cancer cells via a mechanism described as immunogenic cell death (ICD) (17) .
With respect to EMT-associated markers, an epithelial phenotype is characterized by high expression of E-cadherin and the mesenchymal phenotype by high expression of vimentin, among other markers (18) . The function of E-cadherin is associated with tissue integrity and adhesive properties. Changes in tissue integrity and adhesion lead to invasiveness in various cancer types; thus, EMT has an important role in the malignant properties of NSCLC and patient prognosis (13) . Vimentin was originally identified in mesenchymal tissue, and has been reported to be associated with cancer progression, patient prognosis and drug resistance (19) . Furthermore, vimentin expression was demonstrated to predict the occurrence of metastasis in NSCLC (20) ; however, studies that have investigated the role vimentin in NSCLC in vivo are rare and the findings are controversial.
In unselected patients, EMT characteristics have been demonstrated to be associated with chemotherapy resistance (21) . For epidermal growth factor receptor (EGFR) wild-type patients, the EMT phenotype is potentially be associated with poor response to tyrosine kinase inhibitor (TKI) treatment (22, 23) . As the current study included two treatment regimens, the influence of EMT in an unselected patient population (with/without chemotherapy and multiple EGFR genotypes) was assessed.
Tumor specimens obtained from the INNOVATIONS trial were used to elucidate the potential impact of EMT on treatment efficacy with and without chemotherapy in conjunction with anti-angiogenic treatment. This trial included patients with inoperable stage IIIB/IV non-squamous NSCLC. At the time of this study, standard treatment for this population was platin-based combination chemotherapy. One of the longest survival times was achieved using the regime of carboplatin-paclitaxel plus bevacizumab, with a median progression-free survival (PFS) of 6 months and a median overall survival (OS) of 12 months (24) . The INNOVATIONS study was designed to assess erlotinib/bevacizumab (EB) compared with cisplatin, gemcitabine and bevacizumab (PGB) as a first-line treatment in unselected cisplatin-eligible patients (25) .
Patients and methods
Patients. All patients involved in the current study participated in the INNOVATIONS trial. Written informed consent was obtained from all patients prior to the collection and use of all samples. Inclusion criteria and the results have been reported previously (25) . The study was approved by the ethics committee of each participating institution and the German regulatory body, the Paul Ehrlich Institute. The study was conducted in accordance with the Declaration of Helsinki (version 1996) Immunostaining for E-cadherin and vimentin. For immunohistochemical analyses of E-cadherin and vimentin expression in tumor tissues, tissue microarray blocks were cut into 4 µm-thick sections and mounted onto poly-L-lysine glass slides. Tissue sections were deparaffinized with xylene, followed by rehydration with decreasing concentrations of ethanol and immersion in 3% H 2 O 2 for 10 min to reduce endogenous peroxidase activity. Following antigen retrieval in 0.01 M sodium citrate buffer (pH=6.0), the tissue sections were incubated with mouse anti-E-cadherin (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA; 1:200) or mouse anti-vimentin (Zymed; Thermo Fisher Scientific, Inc.; 1:400) in PBS overnight in a cold room. The sections were then washed three times with PBS and incubated with the corresponding secondary antibodies for 30 min at 37˚C; subsequently, the sections were washed with PBS and incubated for with 3,3'-diaminobenzidine 1 min. The sections were then counterstained with hematoxylin, dehydrated, cleared and permanently mounted with mounting medium. All the procedures were performed at room temperature. Additionally, tissues stained positive for E-cadherin and vimentin were used as positive controls. Sections that were processed by replacing the primary antibody with PBS were used as negative controls. . For e-cadherin previous studies have used various different cut-offs (26) . As there is no standard procedure, we estimated for our study that E-cadherin <8 is already a substantial and not incidental loss. For vimentin the respective literature states that any positive reaction for this marker is a feature of an ongoing EMT since vimentin is not expressed in the normal pulmonary epithelium (27) . Based on this, the immunoreactivity was divided into two groups: Low immunoreactivity (a total score of <8) and high immunoreactivity (a total score of ≥8) for E-cadherin; negative immunoreactivity (a total score of 0) and positive immunoreactivity (a total score of >0) for vimentin. Two independent investigators who were blinded to the cases evaluated the immunohistochemical staining. When a discrepancy occurred between the two investigators, a consensus was reached via simultaneous examinations using a double-headed microscope.
Statistical analysis. All statistical analyses were performed using SAS software (version 9.4; SAS Institute, Inc., Cary, NC, USA). Tests were two-sided, P<0.05 was considered to indicate a statistically significant difference. Time-to-event data were analyzed using the Kaplan-Meier method. Distributions between groups were compared by the unstratified log-rank test and also, for the whole groups, by the stratified log-rank test to adjust for the E-cadherin and vimentin expression status, respectively. Cox proportional hazards models were used to identify prognostic ability for PFS by testing each covariate in the model with a Wald χ 2 test and estimating hazard ratios (HR) with 95% confidence intervals (CI) based on the Wald tests. Analyses performed in subgroups were not adjusted, whereas variable selection methods were applied to include baseline characteristics (Table I ) relevant for the prediction performance of the model of the whole study populations (n=95 patients with E-cadherin expression, 7 observations deleted due to missing values; n=94 patients with vimentin expression, 7 observations deleted due to missing values). Furthermore, an interaction between treatment and expression status (E-cadherin and vimentin, respectively) was considered in the variable selection. Different variable selection methods (forward, backward, stepwise with a critical P-value of 0.15 for entry in and removal from the model) identified the same optimal model (minimal value of the Akaike information criterion of all models in the selection process) containing treatment, age, and Union for International Cancer Control stage for patients with E-cadherin expression. This model was also preferred by forward and stepwise variable selection for patients with vimentin expression. The interaction variable proved not statistically significant and did not meet the critical P-value for model entry in either patient population (with E-cadherin or vimentin expression).
Results

Patient characteristics.
Of the 224 patients randomly assigned to one of the two treatment arms (EB or PGB) in the trial, 102 were immunohistochemically evaluated for E-cadherin expression and 101 patients for vimentin expression. In total, 104 patient samples were assessed (99 providing enough material for E-cadherin and vimentin staining, 3 for E-cadherin only and 2 for vimentin only; Table I ). This drop in sample number was due to the decision to initially analyze all specimens for EGFR mutations, as reported earlier (25) , and then to proceed to EMT assessment, leaving less material for further testing, due to unavailable tissue samples or no tumor tissue left in the paraffin blocks (Fig. 1) .
Survival analysis. In the 102 patients analyzed for E-cadherin expression (high or low) the comparison of treatment arms revealed a significant difference in PFS [HR=0.449 (95% CI, 0.292-0.691), log-rank P=0.0002; PGB vs. EB treatment], and with no significant difference in OS [HR=0.686 (95% CI, 0.429-1.095), log-rank P=0.1114; data not shown]. Very similar results were obtained in the corresponding analyses for the 101 patients analyzed for Table I . Patient characteristics with respect to treatment. Fig. 3 ). In patients with negative or with positive vimentin expression there were no statistically significant differences in OS when comparing the different treatment arms (data not shown).
The impact of treatment on PFS all patients with E-cadherin and vimentin expression was assessed via log-rank tests comparing PFS in both treatment groups with and without adjustment for the expression status (unstratified log-rank tests, P=0.0002 E-cadherin group, P=0.0012 vimentin group; stratified log-rank tests, P= 0.0003 adjusted for E-cadherin Table II . Progression-free survival with respect to treatment and E-cadherin immunoreactivity. expression, P=0.0117 adjusted for vimentin expression), and in multivariable analyses of PFS (Tables IV and V) . The results of interaction analyses between treatment and expression status (E-cadherin and vimentin), which were performed in the variable selection process, were not statistically significant (Tables IV and V) . Although PGB treatment increased PFS compared with EB treatment in analysis of the whole study population [102 patients with E-cadherin expression (high or low) and 101 patients with vimentin expression (high or low)] and in subgroups of patients with low E-cadherin expression or high vimentin expression, no prognostic or predictive value of either biomarker expression was identified. In multivariable Cox regression analyses of PFS with different covariates, only the different treatment regimens had a statistically significant effect on PFS. The effect of either biomarker expression, their interaction with treatment or one another was statistically significant. These results were supported by comparing PFS in the four subgroups with respect to biomarker expression: E-cadherin low/vimentin negative, E-cadherin low/vimentin positive, E-cadherin high/vimentin negative, E-cadherin high/vimentin positive. The results of log-rank tests were not statistically significant when comparing patients with valid measurements of E-cadherin and vimentin (n=99) among the four sub-groups, irrespective of treatment and within each treatment arm (EB, n=42; PGB, n=57; Fig. 4 ).
E-cadherin and vimentin association with EGFR or smoking status.
Fisher's exact test was performed to determine whether the proportion of patients with different E-cadherin/vimentin expression varies with different EGFR status and smoking histories. There was no association between the biomarker expression and specific EGFR or smoking status (E-cadherin low/vimentin positive; data not shown).
Discussion
In this study, the expression of the EMT-associated markers E-cadherin and vimentin in NSCLC was semi-quantitated using immunostaining, and their value in predicting clinical outcomes in patients from the INNOVATIONS trial was evaluated. There is evidence indicating that the loss of E-cadherin predicts a poor response to treatment with EGFR inhibitors, including TKIs (erlotinib and gefitinib) and monoclonal antibodies (cetuximab) (28, 29) . In the study published by Ren et al (28) the epithelial phenotype was associated with a significantly higher objective response rate, longer PFS and longer OS in the wild-type EGFR subgroup. Contradictory to these findings, in the current study, there was no difference in the outcome of patients treated with EB when categorized according to epithelial phenotype (high E-cadherin or negative vimentin).
Previous studies have reported that including bevacizumab with erlotinib treatment is beneficial for patients harboring activating EGFR mutations (30, 31) , with relevance at least in molecularly defined subgroups (32) . In the EGFR wild-type population there is currently no defined biomarker identified to predict whether EGFR TKI treatment will be beneficial. Evaluation of EMT markers in the present study addressed this question, as one of the treatment arms included the TKI Table III . Progression-free survival with respect to treatment and vimentin immunoreactivity. erlotinib in combination with bevacizumab, without cytostatic chemotherapy. However, limitations of the present study are the non-predefined exclusion of EGFR-mutated patients and the restriction of analysis to patients with samples available for EMT assessment, resulting in reduced patient numbers. Furthermore, reflecting on histological subtype and expression of EMT markers, variations have been described, with lower E-cadherin expression in squamous cell carcinoma compared with adenocarcinoma (33) .
Regarding the potential prognostic impact of EMT markers, negative or low E-cadherin expression has been associated with poor prognosis in patients with NSCLC undergoing resection (11, 14) ; however, results are variable, potentially due to heterogeneous study conditions (use of different antibodies, immunohistochemical staining techniques and scoring systems). Thus, the clinical significance of E-cadherin expression in NSCLC remains controversial. In the present study, no prognostic impact of E-cadherin or vimentin was identified in EB-treated patients.
In an EGFR wild-type population, Garassino et al (34) reported that cytostatic treatment with docetaxel significantly improves PFS compared with EGFR TKI treatment in a second-line setting. From further trials (35, 36) , it has been established that the addition of vascular endothelial growth factor receptor (VEGFR) inhibition to docetaxel treatment (ramucirumab or nintedanib, respectively) improves survival in previously treated patients with advanced NSCLC.
In the current analysis, treatment with chemotherapy and bevacizumab (PGB) was superior to EB treatment in patients displaying a mesenchymal phenotype (low E-cadherin or high vimentin), but not in those with an epithelial phenotype (high E-cadherin or low vimentin). These results are contradictory to previously published data, which stated that EMT facilitates drug-resistance (21) . According to the findings of the present study, it may be hypothesized that patients with a mesenchymal phenotype in particular would benefit from VEGFR inhibition (bevacizumab) in addition to combination chemotherapy (cisplatin/gemcitabine). Unfortunately, the trial did not include a comparison of cytostatic treatment with and without anti-VEGFR treatment, or even an arm containing anti-VEGFR treatment alone. This impedes more precise conclusions and should be performed in further research.
As EMT can be reversible, the role of bevacizumab as implemented in the present trial setting, or anti-angiogenesis (39) reported that the inhibitory effect of vandetanib (inhibitor of VEGFR and EGFR tyrosine kinase activities) were associated with EMT, leading to a loss of E-cadherin and gain of vimentin expression. Pretreatment with vandetanib increased cisplatin sensitivity of the tumor cells suggesting that blocking the effects of the growth factors associated with EMT may reverse chemotherapy resistance. In addition to this pathway, the concept of ICD has been introduced. Certain anticancer therapeutics may have the potential to induce ICD, maximizing antitumor immunity through this mechanism to increase the effect of a treatment (17) . As none of the agents used in the INNOVATIONS trial have specifically been described as ICD-inducers previously, further research is required to explore possible associations with the findings of the current study.
To better understand the effect of bevacizumab, it may be worthwhile to design trials with anti-angiogenic treatment in conjunction with chemotherapy to assess the predictive impact of EMT markers, or even to consider stratification according to those. Furthermore, the increasing evidence for EMT-mediated tumor immune escape supports the rationale for the development of EMT-blockers to increase the response to checkpoint inhibitor immunotherapy (16).
In conclusion, even though with the inherent limitations outlined, the present study raises interest regarding the therapeutic relevance of EMT markers, the mesenchymal phenotype and the impact of anti-angiogenic treatment. Targeting EMT may offer important perspectives for the therapeutic approaches in advanced lung cancer.
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